ABSTRACT Intelligent transportation systems (ITSs) providing efficient road-transportation strategies have recently become a very active research area. Efficient transportation of visitors to/from highly congested sites is one of the most important challenges addressed by ITS. A transportation-system analysis is presented here and is applied on an urban city ring road network that encompasses a major attraction site characterized by correlated network-intersections and large vehicle-pedestrian movement conflicts. The presented model analysis first examines the influences exerted by network-correlations at intersection-points, and second, presents case-study evacuation scenarios examined under varying circumstances and flowrequirements within each segment of the modeled network. The significance of this paper is clearly evident in emergency/evacuation scenarios or in design considerations in which the influence of correlated networkintersections must be known beforehand. As a main contribution, a mathematical model was developed with simulations evaluating the current system using real-life data as statistical input to our model. Results had demonstrated the counter-propagation effect between adjacent intersections along the ring road of an urban congested city. Furthermore, the study modeled and investigated two emergency-evacuation scenarios within chosen segments at road network sites entering and exiting the central area in order to demonstrate how efficient evacuation can be conducted during an emergency scenario. It is expected that the results of this model can also be extended and applied for evacuation analyses for other sites with similar practical conditions or in other congested cities in which correlated intersections have a significant presence that must be included in the real-life analysis of a transportation system.
FIGURE 1.
Central Area of Madinah (Enclosed by the First Ring Rd.) (Google Maps, 2016) [2] .
200 hotels. The central area can accommodate around 1 million people at normal times, which can reach around 2 million at peak-times [1] . Moreover, according to [5] , the first ring road carries 20,000 vehicles/hour and is crossed by 140,000 pedestrians/hour at peak-times.
The traffic in the central area of Madinah has become a major concern for authorities, particularly during peak seasons where heavy crowds form on a daily basis, exceeding the capacity of the surrounding road network. Typically, visitorcrowds compete with vehicle-traffic in a space and movement conflict problem. This study aims to model the traffic-flow around the central area of Madinah under such circumstances and provides recommendations for traffic evacuation and road-infrastructure designers based on our findings. A summary of objectives/motivations that inspired this paper are as follows: -To present a review of the related literature of some existing transportation systems used worldwide and their possible consideration and limitations for application in the road network of central Madinah. -To demonstrate a promising technique for incorporating a traffic-sensitive transportation system for the Madinah road network surrounding the central area that addresses the phenomenal-affect of dynamic traffic patterns and their influence and trends elsewhere within the road network, as found between adjacent network-nodes. -To provide a model for computing traffic control-decisions (e.g. based on delay and queue-occupancy metrics) in accordance with varying circumstances within each segment of the road network to efficiently counter emergency cases or evacuation requirements. -To provide recommendations for transportation-planning and efficient evacuation-control strategies. -To enhance the overall safety and flow of vehicle traffic surrounding the central area through monitoring and control of the traffic-state within the Madinah central road network. -To reduce the traffic delays encountered upon entry and exit to/from the central area and surrounding areas.
-To provide an efficient means for evacuating traffic from and around the central region in case of emergencies. The remainder of this paper is organized as follows. Section II presents a literature review of the related work while section III provides the physical context and system description. Section IV presents the Methodology used in this paper. Section V describes the mathematical model used to represent the central Madinah region being studied while section VI provides the data analysis and simulation results, including results of the proposed traffic/ transportation model and analysis of the correlations between network-intersections. Section VII describes two case-study evacuation scenarios and their implications studied in this paper. Finally, the conclusions and recommendations of this work are presented in section VIII.
II. RELATED WORK
Many factors influence the evacuation of people or vehicles. These could be general conditions (e.g. arranged events) such as religious gatherings, festivals, sports events (racing, football, soccer . . . etc) and emergency conditions such as flooding, earthquakes, volcano, fire, nuclear power leaks, terrorist attacks . . . etc [3] . Therefore, according to whether the situation is normal or emergency, the evacuation process can be managed and planned. Thus, the traffic congestion in the central area of Madinah has provided the recognition, the importance and need to investigate new processes in order to help manage and plan the traffic during peak times. It has been noticed that the traffic in the central area of Madinah has increased in the last decade with the increase in population and number of visitors. The evacuation plan from the central area is an issue that needs to be addressed seriously due to the fact that congestion has become severe and is more problematic to address in the case of an evacuation. Nowadays, the use of technology has eased the emergency response to situations related to traffic, flooding, hazardous materials . . .. etc. The goal of this work is to propose and implement a priority based traffic management system for the traffic-network in the central area of Madinah.
To the best knowledge of the authors, the only work that is closely related to traffic problem in Madinah is the work by Alginahi, et. al which presents an assessment of traffic flow on the first ring road., located around the central area of Madinah without considering evacuation scenarios. In this work, a model for the traffic distribution along the roads intersecting with the first ring road was built based on optimization. The optimization model was formulated as a minimization problem of the difference between the measured number of vehicles and the sum of portions of vehicles from all entrances of the first ring road. that move out from each road. The simulation results show good agreement with the corresponding measurement data of vehicles at the first ring road [4] . In addition, the literature work by Abdelgawad et al. [5] , was found to deal with the issue of evaluating pedestrian-vehicle conflicts in crowded crossing areas. The study in [5] presented a micro-simulation modeling framework to deal with this issue.
The framework is used to assess large-scale pedestrianvehicle conflicts in the first ring road. which carries 20 000 vehicles/hour and crossed by 140 000 pedestrians/hour after a major congregational event. The quantitative and visual results of the simulation exhibits serious conflicts between pedestrians and vehicles, resulting in considerable delays for pedestrians crossing the road (9 minutes average delay) and slow traffic conditions (average speed <10 km/hour).
Another work related to Pilgrim Movements is the work of Tayan, [6] , which proposes a model for optimizing the flow of pilgrims between holy sites during Hajj using traffic congestion control [6] . The study investigated access control and a fairness protocol for Makkah's road network between the Holy sites during the significant annual event of Hajj. The proposed traffic congestion-awareness protocol provided a fair mechanism of controlling road access and preventing node starvation, whilst limiting the delay in the network.
The work by Tayan et al. [7] proposed a model for optimizing people/vehicle movements in largely-crowded areas for the Hajj event. A case study between Mina and Arafat was described in terms of developed mathematical and microsimulation computer models. Both models were based on queuing and networking concepts with an underlying road network infrastructure used from which raw data is gathered from the environment and fed into the model to compute traffic-based control decisions. The analytical results of the proposed model shows that bottlenecks during the Hajj season can be efficiently managed resulting in improved travel times, congestion-levels, throughput, and overall enhancement to the transportation capacity under the constraints of Hajj traffic. The model was simulated and validated with key improvements being demonstrated in terms of delay and throughput when compared to other existing approaches.
Traffic flows under evacuation conditions differ from those of normal conditions. Hence, this is important in modeling evacuations since most of the performance of macro-level simulations is based on the relationship of demand to capacity, i.e., flow rate variation [8] . Thus, the Florida Department of Transportation recently recommended the use of Maximum Sustainable Evacuation Traffic Flow Rates (MSETFR) for evacuation traffic simulation modeling in the Florida Keys. This evacuation flow phenomena was further explained by Dixit et al. [9] .
The research in the area of evacuation for vehicles or crowd during emergency or extraordinary situations is a topic that has been investigated by many researchers, with many models and systems being proposed for different scenarios and case studies. Moreover, congestion as a result of evacuations has attracted attention to develop strategies which could help save lives and reduce evacuation times. Abdelgawad and Abdulhai [10] list contra-flow operations, modified traffic control, route guidance, and staged evacuation as popular strategies. The work of Ayfadopoulou et al. [11] proposed a dynamic traffic assignment model based on evacuation planning for the central business district of Thessaloniki in Greece to assess the evacuation process assuming the occurrence of an incident in the area. From the simulation results, it was noted that the evacuees reach their destination faster with no deployment of Variable Message Signs (VMS) or contraflow operations, as well as observing that overall network performance had degraded when no planning was considered. In addition, evacuees closer to contra-flow lanes had reached their destinations faster than those located in different zones. Finally, this work proposed a further study in order to identify the required spatial and temporal allocations of a measure depending on the area of the incident [11] .
In [12] , a non-equilibrium vehicle evacuation model at a small area under Planned Special Events (PSE) was set up. The model and its algorithm were applied to the 2008 Olympic football games in the Tianjin sports center, and compared with the data obtained by the Tianjin traffic administration bureau. In the model, the Logit multi-route selection method and dial traffic flow assignment algorithms were applied. The work in [13] presented a new framework for managing congestion during emergency evacuations. The algorithm allows a long link of the network to be used as a buffer to keep the traffic flow moving in. Concurrently, a detour trigger time was estimated to keep the traffic undersaturated in the buffer zone and minimize the total travel time. The integration algorithm provided an efficient mathematical solution for travel time cost calculations. A case study was presented to demonstrate the efficacy of the traffic demand buffering strategy developed in this research for managing the evacuation flow. The work in [14] provided a robust optimization approach for evacuation transportation planning under uncertainty. This model showed the importance of robustness by focusing on the infeasibility cost, in addition it showed that a robust solution had improved both feasibility and quality compared to a nominal solution. Therefore, it is suggested that more realistic demand scenarios with higher probabilities of occurrence should be incorporated into the analysis.
The review of traffic simulation models conducted by Pel et al. provided a direction for the current trends in modeling evacuation travel behavior [15] . Due to the evacuation participation and choices of departure times, the authors had argued in favor of the simultaneous approach to dynamic evacuation demand predication by using the Binary Logit Model. For the destination choices the authors suggested further improvements on current models, while preference was given for the hybrid route choice models for evacuation route choices since they enable both instructed routes and en-route switches [15] .
A number of more recent works in the ITS literature were also found that investigate the problem of evacuation control or traffic management in general. Table 1 summarizes some of the more recent and notable works found in the IEEE Intelligent Transportation Systems (ITS) journal as well as their key features, limitations and opportunities for further enhancements.
More recently, a number of mobile crowd sensing (MCS) based approaches have emerged in the literature as a means to alleviate the traffic congestion problem and address traffic fluctuation trends. In contrast to costly traditional approaches, MCS approaches employ a dynamic approach to improve the transportation efficiency. Essentially, MCS technologies based on the use of sensory devices, such as participant smartphones and sensor-equipped vehicles used for traffic data-acquisition, with sensed data being forwarded onto a central-server/cloud for analysis before informed traffic-decisions are made and related onto trafficauthorities/drivers.
In [31] , Wan et al. proposed an MCS approach for traffic prediction in the context of cloud-assisted Internetof-Vehicles (IoV). The proposed approach presented new algorithms for real-time prediction of travel times to provide dynamic driver route choices for congestion avoidance. However, it was noted in [31] that the work conducted on MCS was pre-mature, with important issues yet to be resolved, including: incentive schemes for user-participation and participant privacy issues. Wan et al. [32] provided a brief review of the promising use of Vehicular Cyber-Physical System (VCPS) and Mobile Cloud Computing (MCC) for ITS. They proposed an architecture for Integrating VCPS and MCC.
The authors concluded that the cloud supported VCPS is a promising area of research in the future. On the other hand, another review paper presented by Guo et al. [33] stated that the data quality of MCSC is low, suffering from issues such as built in sensor performance and the trustworthiness of user contributed data. The study concluded with the following limitations: -Sensing object leaves fragmented, incomplete data in three spaces (cyber, physical and social spaces). -Ethical factors, (inventiveness and user privacy) should be the fundamental building blocks of MCSC.
-MCSC should be designed keeping in mind the multidisciplinary knowledge required (social science, cognitive science, economics, computing science, and so on).
The work by Wang et al. [34] presented the main challenges associated with sparse MCS, and proposed a general framework that addresses some of those research challenges. The proposed scheme considers the spatio-temporal correlations between city segments, and only assigns a small portion of the target area with sensory acquisition tasks, while inferring the data related to the unsensed regions using dataquality and sensing-cost as the main performance metrics of interest. However, the study had also pointed out on a number of research challenges, which remain unsolved and for which the development of required solutions is considered as a nontrivial problem [34] . Some critical research challenges in general MCS traffic applications were identified to include: high sensing costs when good coverage is required, participant incentives, smartphone energy consumption, network bandwidth consumption, smartphone sensor errors, malicious participants and forged sensory data, privacy protection mechanisms and sensing-cost variations between different city locations. Additionally, other research challenges specific to the proposed framework in [34] were identified to include: unavailable participants at assigned locations, missing data inference, optimal task allocation and data-quality assessment.
On a similar note, [35] presented a detailed study of the challenges in real-time MCS for public transportation and provided a comprehensive classification of the key challenges involved. Some of the main challenges had included concerns relating to: device hardware, network coverage, costs incurred, data availability and quality, trust, motivation and usability [35] . The study concluded by emphasizing the need for further investigation in the open research areas before MCS technology can be effectively deployed in real-life public-transport applications. Similarly, other related studies [31] , [33] , [34] had also raised their concerns about the prematurity of MCS technology when considered for practical applications such as public transportation. Therefore, further investigations are required to study these limitations and their effect in the application of transportation systems. Table 2 provides a qualitative comparison of common and relevant approaches including MCS, considered for traffic congestion.
In general, the literature presents studies on many traffic road network models to address many issues related to traffic research such as noise pollution, air pollution, accidents, traffic predication and management, signage, and surveillance. Clearly, more work investigating emergency/evacuation scenarios under varying conditions is required, in addition to the fact that very few efforts had even considered studying the real-life influences of correlated intersection-nodes on overall traffic-flows. Henceforth, the focus of this work is classified as twofold. First, this paper studies the traffic evacuation scenarios for vehicles in the central area of an urban city under particular evacuation scenarios, and secondly, to investigate how efficient evacuation can be achieved in a road network in which major network intersections/nodes are correlated and exert an influence on adjacent nodes.
III. SYSTEM DESCRIPTION
In order to achieve the objectives of this study, the area enclosed by the first ring road for the central area of Madinah was targeted in order to survey the number of vehicles using the first ring road during the most busy times of the day. The number of vehicles entering and exiting the first ring road from different directions was counted at 40 specific points. The area was divided into four sections, as shown in Fig. 1 , in order to effectively manage the data collection statistics used in this work. Figs. 2 -5 detail the four different areas (Sections A -D) from Fig. 1 with traffic-flows (TFs) shown using arrows. The statistics/data-collection was conducted over four days during peak-season. More details will be presented in the methodology section. Thereafter, a mathematical model and discrete-event simulations were employed for analyzing several factors, including: the transportation system using real-life on-site data as input to the model, the present influence of correlations that exist between network-intersections, and finally, two possible evacuation case-study scenarios.
IV. METHODOLOGY
The methodology used in this study comprises of four phases of progress that include: planning and investigation, statistical on-site data-collection, road network modeling and analysis of the affect of intersection-node correlations at various road-segments, and finally, presenting case-study evacuationscenarios. VOLUME 5, 2017 Initially, the planning and investigation phase had involved identifying various evacuation scenarios and locations from around the central area as well as those entry and exit-points from the central area. Thereafter, the location of influential traffic-points and roads representing ingress and egress traffic into/from the first ring road were identified and noted as collection-points required for statistical data-gathering. Those traffic-points were typically representative of all the major/minor roads from the main central area moving outward towards the first ring road (since roads would be congested during any emergency case in the central area), as well as the major roads from non-central areas that merge or intersect with the first ring road for all traffic moving towards the central attraction area (this external traffic is necessary for consideration since it affects the movement of traffic to and from the central area).
Next, following identification of the critical traffic monitoring points, a number of students were deployed on-site for the statistical data-collection phase, which had involved a total of 40 students being situated at 40 different traffic monitoring points for manual data-collection. Future work on this theme would ideally utilize automated datacollection hardware, which was not available for deployment at the 40 traffic-points required at the time of this study. Hence, manual data-collection was conducted for a total of 5 days using digital-counters with the data being archived for future use within our model. The recorded data provided an indication of potential significant intersectioncorrelations and emerging emergency-evacuation scenarios to be addressed, which would consequently require adaptive traffic-management decisions being made by any consequent intelligence software/model developed.
A notable contribution in this study involved the development of a mathematical model to evaluate the road network traffic surrounding the central area, including the ingress/egress points and the affects of correlated intersections that lie along the ring road. For model development, the mathematical model was then employed for analyzing the current transportation system under evacuation scenarios using real-life on-site data gathered from the previous phase as input to the developed model. Furthermore, the model had considered the effect of traffic from other external areas on the central-area traffic as found in the observation of a propagation ripple-effect of traffic arising due to other surrounding roads or traffic arriving from nearby congested areas. The conceptual effect of nearby traffic on other roads was found to have a real influence on particular roads which would be required in the case of an evacuation in the central area. This finding was then used to develop a particularly interesting case-study of an evacuation scenario from the central area to investigate how nearby traffic may cause disruptions of the evacuation-roads and how this may be avoided.
Finally, this study presents a detailed analysis of the results when the real-life data from the data-collection phase is applied as input to our traffic-network model and discusses the case-study that examines real-life evacuation scenarios. The effect of correlations between adjacent intersections was presented. A number of technical observations/recommendations and scope for future enhancements following the analysis of the results follows in the Conclusions section.
V. MATHEMATICAL MODEL DESCRIPTION FOR THE MADINAH CENTRAL ROAD NETWORK
In this section, a macroscopic model is developed for urban traffic-network evaluation. The model consists of a discreteevent dynamic system that describes the relationship between ingoing/ingress and outgoing/egress traffic as well as the influence of adjacent network intersections. First, a link within the network is split into two parts, namely, a running section and a queue section as shown in Fig. 6 . It can be observed from Fig. 6 , that a traffic-propagation affect exists along the intersections of the ring road since the output 'C' from one intersection follows on to become the input 'A' at another intersection further down the link/road. This propagation-effect must be considered when investigating evacuation of particular segments along the roade.g. evacuation preparation at a particular segment cannot be treated independently of other parts/intersections along the ring road due to the dependency between those interlinked roads. Now, the length of the section, average speed of the vehicles, and vehicle density in the running section are denoted by L r , v r , and p r , respectively. The same quantities are represented in the queue section with subscript q. The notations A and Bare used to imply inflow/ingress and outflow/egress of the vehicles in the running section. B and C denote the inflow and outflow on the queue section. Observe that at the end of queue section, two additional flows, X and Y indicate the flow of the vehicles through the intersection/crossroad. X implies the cumulative vehicles that join inflow C, and Y is the cumulative vehicles that divert from B. We denote the sampling interval time by h (measurements of all inflows and outflows) with the set of sampling time steps {0, h, 2h, . . . , nh}. The time steps correspond with the set of iteration steps {0, 1, 2, . . . , n}. The total sampling time is T := nh. The subscript k with the inflow/outflow implies the associated quantity at the k-th sampling interval (e.g. the k-th iteration step).
The outflow of the vehicles at the next iteration (k + 1) on the running section can be expressed by equation (1):
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calculates the average time required for the vehicles to travel from S 1 to S 2 . Therefore, vehicles coming from S 1 at k + 1 and k are linearly interpolated to find the additional number of vehicles for the time period h − L r v r . These additional vehicles are added to the current number of outgoing vehicles, B k .
The outflow of the vehicles at the next iteration (k + 1) on the queue section can be expressed by equation (2):
Equation (2) requires the current and next iteration of B k , (B k+1 ) as computed in (1) . Observe that the equation takes into account the inflow X and the outflow Y at the intersection/crossroad. Note that v r in (1) can be considered as a standard value as it represents the average velocity in free space, i.e., on the running section. v r was considered as 10m/s. The velocity on the queue section is given by equation (3):
Where a, b are two suitable constants. We assumed that a = 3 and b = 2. p q := 1/l; where l is the average length of the vehicles. The length of the whole section L := L r + L q is known from measurement.We calculate that L q := z/p q = lz, where z is the number of vehicles in the queue section. Now, z is updated as shown in equation (4):
VI. DATA ANALYSIS AND SIMULATION RESULTS
The number of vehicles over 5 minute intervals from 3:00pm to 9:00pm was collected at 40 directed locations on the first ring road over 5 days. The most useful data was further considered as those values obtained between 5:30pm to 8:30pm, in order to ensure data consistency (over the 5 days) and reduce the missing values/points using the Regression estimation technique. Madinah's first ring road is divided into 4 regions in this study, namely; Area-A, Area-B, Area-C and Area-D, in which 40 directed locations were situated on or along the first ring road to measure the intensity of traffic ingress, egress and continuing traffic (e.g. the traffic continuing movement along the ring road itself).
The major intersections on these regions of the ring road are shown in Fig. 7 , and comprise of 6-major intersections being modeled. Details of each crossroad and their trafficflow identifiers are presented in Fig. 8 (a) -(f), with vehicle movement directions illustrated using distinctive numbers. It is noted that the diagrams in Fig. 8 represent traffic-flows for the statistics obtained and not the road network itself.
For the purposes of simulations and in order to provide a more complete analysis, a number of additional traffic-flows (TFs) labeled 41 through to 55 were considered as aggregates of exiting traffic flows (AGTFs) from which manual recordings were taken. Those additional aggregate traffic-flows are defined in Table 3 .
A. DATA ANALYSIS AND SIMULATIONS DURING PEAK-SEASON
Figs. 9-14 presents a selection of results pertaining to the data analysis and simulations using the developed model and onsite data obtained, where only a sample of results for crossroads over those days with exceptionally high trafficflows are presented. In these figures, the number of vehicles passing over the time-axis is plotted. The time index is considered to represent the 36 time-points corresponding to those time points between 5:30pm to 8:30pm at 5 minute intervals. It can be observed that the left-side graph in each figure from Figs. 9-14 displays the number of vehicles which passes along the ring road (Figs. 9(a) -14(a) ), while the right-side graph shows values for traffic intersecting with the ring road (Figs. 9(b) -14(b) ). In these figures, the sample results are plotted sequentially for all six intersections being modeled.
It can be noted from Fig. 9 plotted for Crossroad-A1, that the number of vehicles passing locations Int-44 and Int-45 are much higher than those passing Int-5 and Int-43. Clearly Int-45 is the busiest location. On the other hand, Int-1 and Int-46 are busier than Int-11 and Int-12. Int-11 is the least busy location. The observed trends at Crossroad-A1 (for directed locations) were found to be similar for each of the three days in which results were taken.
For Crossroad-B1, it can be observed from Fig. 10 that Int-16 is the location through which most vehicles pass along the ring road. However, across the ring road, Int-13, Int-14 and Int-55 were less busy, with Int-11 and Int-12 behaving almost similar.
Results from for Crossroad-C1 (Fig. 11) demonstrates that Int-54 is the least busy point along the ring road, with Int-21 becoming the busiest road crossing the ring road. Regarding the Crossroad-C2 for which results are plotted in Fig. 12 , it can be seen that Int-24 and Int-40 receives the least number of vehicles along the ring road. The trend in the number of vehicles at other locations was unpredictable as it was found to vary between days. higher than Int-36 and Int-37, which mostly remains between the range of 0-50. The traffic volume passing at Int-1, Int-46 and Int-48 were found to be unpredictable.
B. ANALYSIS OF CORRELATIONS BETWEEN NETWORK INTERSECTIONS
The following results demonstrate the correlation and consequent influence between the network intersections. Figs. 15-16 shows the simulation results for a period of ten minutes for 6 sections annotated in Fig. 7 : A1-B1, B1-C1, C1-C2, C2-D1, D1-D2.
In simulations from Figs. 15-16, the maximum vehicle velocity was considered as 60 km/h, with a random number of vehicles being considered at ingress and egress points. Thereafter, the corresponding number of vehicles flowing at each entrance is computed. With the current density of vehicles, the velocity is estimated, and thus, the travel time of vehicles to reach the end of the section is determined. This information is required to update the number of vehicles at the end of the section in the future time frame. In Figs. 15-16 , the time lag between the vehicles at ingress and arriving at the egress are computed. This time lag increases with the length of the section. For example, Section C2-D1 is the longest section, and hence, the time lag is the largest for this section. It is observed that the time lag is not constant for a particular section since the estimated velocity plays a role other than the length of the section itself. Furthermore, the velocity increases with the lower density of the vehicles. In other words, if more vehicles are on the road, then vehicles maintain a slower speed. Consequently, the time lag increases. Once the number of vehicles at egress points is calculated, the estimate is used to calculate the number of vehicles at the start of next section considering the ingress and egress points of the next section at the crossroad. Thereafter, the simulation for the next section follows in a similar manner. It can be observed that the number of vehicles at the egress point for each section does not match with the number of vehicles at the beginning of the next section. This is explained due to other incoming and outgoing traffic at the crossroad which, of course, are not similar.
VII. CASE STUDIES OF TRAFFIC EVACUATION SCENARIOS A. CASE STUDY 1 -EVACUATION FROM EASTERN SIDE OF THE CENTRAL DISTRICT
One particularly interesting evacuation scenario to examine could be when traffic has to be evacuated from one/multiple sides of the central area (North, East, South or West sides) at any particular time. This would largely involve traffic emerging from the parking slots as well as other traffic stationed or moving between buildings and within the boundaries of the first ring road. The case where any particular sector should be evacuated can easily be represented on the model diagram as in the example of the evacuation of the Eastern-side (Section-A in Fig. 2) , in which the intersections that push traffic onto intersection-A1 (e.g. B1 and D1) would consequently divert their traffic onto other roads away from the evacuation area (using intelligently-controlled traffic signals or road-traffic police) and therefore also moving further traffic away from the most critical-intersection (e.g. intersection-A1) used for evacuating the Eastern sector of the central district. A similar scenario applies for the North, West and South, with some notable limitations in road capacity between the Western and Southern sectors since fewer major intersections are available to serve the huge emergence of evacuated traffic (e.g. only minor roads are available for clearing evacuation traffic from the West and South-West sides of the central parking areas). 
B. CASE STUDY 2 -EVACUATION FROM FIRST RING ROAD IMMEDIATELY SURROUNDING THE CENTRAL DISTRICT
Traffic evacuation from the first ring road describes another essential scenario for modeling an emergency situation. Traffic evacuation can be performed using the following approach. First, all the vehicles around the ring road that are moving towards the central area should be diverted to outer regions of the central area by traffic signals, signage, traffic police commands or road blocks. Hence, all vehicles along the ring road shall only move out of the ring road through the nearest intersections moving outwards from the central area as shown in Fig. 17 .
In Fig. 17 , it can be observed that six intersections (A 1 , B 1 , C 1 , C 2 , D 1 , D 2 ) are considered through which evacuation will take place for traffic moving outwards from the central area, i.e., the vehicles flowing on the ring road will escape hazards/traffic blockage and further danger by using those intersections to move away from the central area. It can be observed from Fig. 17 , that if the outgoing links of the intersections are free, then it takes little time to evacuate traffic on the ring road itself. Next, suppose that all the links between two crossroads are fully occupied with vehicles. Taking into account the longest link which is between D 1 and C 2 (whose length is approximately 600 meters), with the average velocity 10m/s, then we can calculate that the evacuation time is 60 seconds (600/10) i.e., 1 minute. The evacuation time for other links will be less than 1 minute as the distances between any two other consecutive intersections are shorter.
C. DISCUSSION OF RESULTS
The contributions of this paper can be classified as follows. First, the study has introduced the emerging concept of a transportation-system involving correlated-intersections VOLUME 5, 2017 between network nodes/intersections in the congested attraction and central area of Madinah, with the capability of analyzing site-evacuation at any segment in the road network. Notably, the major intersections on the first ring road had affected traffic to/from other adjacent intersections on the ring road which meant that during an evacuation other influential/nearby intersections must also be considered and controlled to ensure optimal evacuation can be achieved. Another key objective in this study was to address the requirement of efficient and swift emergency-evacuation for traffic movements before and after peak congestion-times at the central district in Madinah. Third, the study had analyzed the current transportation system through model-development using mathematical modeling techniques with real-life data used as input to the model with an analysis of the influences exerted by adjacently correlated intersections. Next, emergency-evacuation case-studies using chosen segments within surrounding areas of the central area were investigated in order to illustrate how evacuation can be conducted following deployment of the modeled system. A summary of the recommendations can now be drawn up as a result of this study: 1. The deployment of an ITS for the central Madinah road network area is a primary recommendation; this typically comprises of three main components: onsite data-gathering sensory equipment, data-processing and computation of optimum traffic decisions based on realtime data, and, feeding of such traffic-control decisions made through to the existing traffic signals or trafficpolice for effective and real-time onsite monitoring and control. The recommended transportation system has been demonstrated to provide a highly effective replacement to the current non-optimal open-loop traffic-light system (non-intelligent system) currently being used at some intersections and elsewhere. 2. The interaction between vehicles and pedestrians should be carefully revised. Blocking-objects and other impedances on the roads should also be revised to avoid limiting vehicular-traffic capacity on those roads and to increase safety of pedestrians. This is particularly important during peak-times and emergencies, whereby vehicles must utilize maximum road-capacity to minimize evacuation times. Therefore, all necessary precautions should be taken to ensure that no bottlenecks on the road network are presented by pedestrians or other objects along the road (which result with a limiting-factor on the evacuationtimes experienced). 3. Pedestrian crossings along the central/critical roads can be more stringently controlled using clear and enforced stopand-go signs for pedestrians and vehicles so as to prevent pedestrians moving/flowing across busy central roads in a random, unexpected and uncontrolled manner. This is expected to further reduce queues and delays along such links. 4. A congestion-charge can be applied on the busiest roads of the central Madinah region during the peak periods to deter a large portion of traffic. It is expected that many classes of traffic would consider other roads or means by charging vehicles a known fare in advance (e.g. the presence of taxis and free-riding drivers, or drivers' droppingof-people would be reduced on such roads). A similar policy is already in-place and made effective for the busiest roads of central London and other European cities since a number of years. 5. More effective use of static and digital signage should be employed in the central Madinah region. Normal (staticsigns) can increase awareness under normal circumstances and traffic-levels, while digital-signage could be effective for instructing pedestrians based on circumstances further ahead. 6. The Madinah traffic-authorities should establish/ collaborate with a team of experts/academics from the Traffic-Engineering community to continuously monitor and re-evaluate the central Madinah road network conditions, in terms of evaluating efficient road-utilization, capacity, emerging-constraints, re-design recommendations and traffic-forecasting and analysis in-light of those many other related studies and trials of transportation systems already witnessed in Europe, the USA and other selected countries. 7. The local authorities should consider the above findings and recommendations carefully in the new design of the central area and the new central ring road following the decision of the Saudi government to start with a new expansion project in the central and surrounding areas. 8. The use of multi-language SMSs will increase the efficiency of the evacuation, and will decrease confusion and worry of pedestrians and drivers.
VIII. CONCLUSIONS
In conclusion, the dynamics of the central Madinah road network and surrounding environment was shown to present a much-needed solution for optimal traffic movement (e.g. under normal traffic conditions) as well as efficient evacuation-control (e.g. with acceptable delays required at peak-times and high-congestion levels). In this study, a mathematical model of the current transportation-system was presented that had considered the impact of an important but ignored phenomena in the relevant-literature and recent transportation-systems currently deployed; the phenomena here relates to that of the inter-relation and traffic-dependency of vehicles at various points in the ring road or road network (e.g. the traffic propagation-effects that had resulted with correlated adjacent intersections) that had resulted with further traffic delays which cannot normally be predicted in previous transportation-models found. Significantly, the model presented here computes the expected-delays and queueoccupancies at nodes/intersections whilst considering the propagation-effect of traffic further down and along the link (e.g. on the ring road). Hence, a real modeling requirement of the ring road leading in and out of the central Madinah region was addressed here. Once the important modeling requirements were addressed in this study, it is possible to extend/adapt the given model to other related traffic-scenarios being investigated. Due to the limitations of manual data-collection techniques used and limited human-resources available, this study had only considered a total of 40 points for onsite live datamonitoring. The traffic-data obtained was then statistically analyzed to give a picture of the traffic-behavioral patterns and trends. Thereafter, the data was processed as input into the model in order to derive the expected delay and queueoccupancies for any given traffic-scenario. A simulation for the mathematical model was then developed using Matlab to generate the expected delays and queue-link vehicle occupancies at any required intersection under analysis. The model could therefore be applied to provide a realistic trafficforecast when investigating different evacuation-scenarios. This study provided a discussion of two particularly interesting case-study evacuation scenarios, which could easily be modeled if sufficient data-collection resources are made available for use. Finally, a detailed sum-up of recommendations had outlined some of the key points for improvements which were observed as a result of this study.
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